The design and use of a simple, robust and sensitive vibrating sample magnetometer (VSM) is outlined. Magnetic data are presented for various classes of magnetic materials, ranging from paramagnetics to ferromagnetics. In its simplest form the VSM requires only a digital voltmeter for signal analysis. Thus it is ideal as a teaching laboratory instrument, whilst its stability enables the use of more sophisticated signal processing apparatus, such as a phase sensitive detector, making the VSM suited to a research or project laboratory.
Introduction
A detailed study of magnetism, and in particular ferromagnetism, is common to all undergraduate solid-state physics theory courses. Although sophisticated experiments in paramagnetism and antiferromagnetism have been reported in this journal (Hill 1982) it would appear that the direct experimental determination of the properties of ferromagnetic materials form a less common element of undergraduate laboratory course units. A possible reason for this apparent omission is that ferromagnetic materials are often studied with a Faraday balance, an instrument not ideally suited to the measurement of large ferromagnetic moments, t o which many a frustrated student will bear witness! The sample rather than hanging freely as desired more often than not seems to have predilection for swinging sideways and sticking to the magnet pole faces. An elegant experimental alternative is the 'vibrating sample magnetometer' (VSM), although now the problem is almost certainly of a fiscal nature. (Commercial VSM'S retail at the time of writing at around f 1 5 , O O O Sterling (about DM60,OOO)). This paper describes an inexpensive yet sensitive VSM, easily fabricated by a University Teaching Services Workshop, yet ideal for undergraduate laboratory teaching, and as will be shown is quite sensitive enough for many research purposes. 
Vibrating sample magnetometer
Whilst there are many ingenious and varied ways of realising the measurement of magnetic moments, and hence magnetisation (Foner 1967 , Bates 1970 this paper concerns itself with one induction technique alone, that of vibrating sample magnetometry. Foner (1956) was the first t o describe a VSM for the measurement of magnetic moments, his design has become generic to all subsequent designs. The VSM comprises two principle components, the sample vibrator mechanism and the induction signal detection coils, the latter being situated in close proximity to the sample which is also positioned in an external magnetic field. It is required that the sample vibrates in a periodic and stable manner. Thus mechanical, pneumatic and piezoelectric or electromechanical transducers may all be employed, each having their relative merits. Principally, for reasons of simplicity and stability, the transducer in the VSM described here utilises an electromechanical transducer similar to a loudspeaker voice coil assembly. If the transducer choice is wide, then the variety of signal detection coil geometries is n o less bewildering. Pacyna (1982) in an attempt to quantify the relative quality factors of multicoil systems has published a general theory of the induction signal in various coil geometries. In contrast however, Mallinson (1966) and Guy (1976a, b) have produced simple treatments for the optimum determination of coil parameters. These papers are written at a level which may be followed by undergraduates and developed to embrace particular experimental constraints.
The instructive nature of Mallinson's and Guy's papers lies in their use of the principle of reciprocity of the electromagnetic field. This principle states that the mutual flux threading two coils is independent of which one carries a current. Thus it is permissible for the purpose of calculation to interchange the roles of the sample moment and its induction current in the detection coil(s).
The coil geometry for the VSM described here is shown in figure 1. Mallinson demonstrated that in this case optimum sample moment-coil coupling occurs when the outer section of the coil(s) lie outside an imaginary line lying in the plane of sample vibration and inclined at 45" to the axis of the sample (figure l(b)). This approach, within the physical restraints of the magnet, VSM cryostat etc., also optimises the coil depth ( d ) and winding thickness ( t ) . The disposition of the coils, field and moment, is such that if the sample is vibrated at angular frequency W , then a synchronous voltage V also at W appears across the coil system such that the instantaneous voltage is
where m is the sample moment and k l is a coil-system coupling constant. As z = zo sin ot, it follows that the FWS output is given by p = k2m where k2= klo(zo) .
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If the sample is uniformly magnetised, then m = vM where z1 is the sample volume and M its magnetisation. Thus M m_ay be studied by investigating the dependence of V upon the external field. Samples are vibrated by means of a light hollow tufnol rod, moving in low friction polytetrafluroethylene (m) guide bushes, connected via a flexible coupling to an electromechanical vibrator of 1W rating. The vibrator may be driven by any convenient oscillator and amplifier, or as in this case by a power oscillator. Materials under investigation are mounted with or without encapsulation as appropriate, in a F=TFE holder. m is a particularly suitable holder material as it may be cleaned in nitric acid thus removing magnetic contaminants, a necessary precaution prior to measuring small moments. Further m contributes but a small 'noise' signal due to its own diamagnetism.
The inclusion of a flexible drive coupling avoids side loading of the vibrator and ensures vibrational amplitude stability. A short length of high pressure synthetic rubber tubing is quite adequate for this purpose. On the original VSM design a secondary reference coil was fabricated, wound around the vibrating rod guide tube, to provide a reference signal from a permanent magnet mounted on the rod, thus forming the primary element of a feedback loop to stabilise the vibration amplitude. However, the inclusion of the flexible coupling has rendered this an unnecessary complication.
The detection coils each comprised 700 turns of 0.081 mm diameter enamelled copper wire wound on formers of 22 mm diameter and 4 mm thickness.
Each pair of coils was screened and mounted on cheek plates capable of being clamped to each pole piece. For maximum noise rejection the four coils must be carefully balanced. The best method of balancing is to firstly ensure that their turns number is identical, and secondly, that their low frequency inductance measured in situ on the cheek plates is identical.
In Mallinson's original design, the two coils in each pair are mounted so that their perimeters touch. Whilst this maximises their output, it can also lead to a system whose output is very sensitive to the mean vertical position of the sample. Improved reproducibility and linearity, at the cost of a slight reduction in signal, is achieved by separating the coils by about 0.5d. Similarly the peak-to-peak amplitude of sample vibration should not exceed d. Whilst the induction signal is related to coil diameter, it is undesirable for the coil to exceed approximately 90 per cent of the magnet pole tip radius. This ensures that each coil experiences an equal and homogeneous field so that ripple in the magnet 
Signal analysis
A block diagram of the VSM in its simplest form is shown in figure 3 . The VSM has been used in this mode in an undergraduate teaching laboratory to demonstrate ferromagnetic properties of magnetically hard and soft materials. If the vibrational frequency and amplitude are set to about 80Hz and 1 mm respectively, then the output from the detection coils induced by the moment of a mild steel cylindrical sample 3 mm in diameter and 6mm long is quite sufficient even in fields of less than 10 mT to be measured on a 3; digit (AC) millivolt digital voltmeter (DVM) . The magnetic field is most conveniently measured by a Hall device. Even with the optional addition of an oscilloscope to monitor the reference (power oscillator input) and sample signals the electronic apparatus required is minimal.
The simplest method of calibrating the VSM is to measure the output signal from a reference sample of accurately known magnetisation and volume. The magnetic material most suitable for this purpose is annealed high purity nickel, as this is readily obtained and essentially saturates in fields greater than about 0.25T (see figure 4) . Thus calibration requires no knowledge of either magnetic field or reference sample demagnetising factors. Further if the nickel sample has the same dimensions as the sample under test, then neither is a knowledge required of the sample-coil coupling constant. The only assumption inherent in the above calibration procedure is that the output signal scales linearly with moment m. The validity of this assumption is readily tested by passing a current i through a small This last point is of special relevance when more complex detection circuits are employed, using for example phase sensitive detection. Calibration has shown that departures from linearity of the VSM described here may all be ascribed to the electronic signal processing circuits provided that fluctuations in zo and o are negligible. The detail of the induced signal as a function of the symmetry and size of the detection coil array makes an interesting study in its own right. An undergraduate will find plenty of food for thought in the papers by Bragg and Seehra (1976) and Guy (1976a, b) . Employing the VSM for such a study one may simply use a sample of high remanent magnetisation and dispense with the electromagnet. The basis of an elementary study on a system of coils in Mallinson's geometry is illustrated in figure 5 . Another interesting possibility is that of frequency doubling of the induced signal; that is V a sin 2ot. For this VSM, frequency doubling occurs when the mean position of the vertically vibrating sample lies on the axis of one of the detection coils. Frequency doubling, and higher order effects, have been discussed for a different geometry by Guy (1976a) . Guy also suggests that frequency doubling could be employed as a method of detection offering rejection of signals induced in the coils due to vibration at the transducer frequency and of measuring magnetic moment direction in anisotropic materials. magnetism into close contact. By provision of samples differing in elongation and geometrical shape, demagnetising factor corrections to the applied field can be studied in a systematic way. Appropriate discussion of demagnetising factors may be found in Bozorth and Chapin (1942) and Zijlstra (1967) .
If instead of a DVM alone, a phase sensitive detector is used for signal analysis, then the VSM -6.0 becomes of a sensitivity consistent with research requirements. The apparatus now takes the form shown in figure 7 and has been used in this configuration in a honours project laboratory class. The major limitation of the apparatus now is the signalto-noise ratio determined by the ripple current from the DC supply to the magnet. The enhanced sensitivity and noise rejection of the VSM in this form is demonstrated by the data for the small sample of electrodeposited iron foil (MacCormack et al 1981) , the model Heisenberg paramagnetic KNiF3 and for the superparamagnetic fluid shown in figure 8. It should be noted that the KNiF3 only has a mass susceptibility of 1.1 x 10" J T 2 kg" (1.1 X lo-' emu g-') and that magnetic fluids typically have saturation magnetisation of less than 10 k A" (10 emu g").
Magnetic fluids are a particularly interesting class of material which never fail to fascinate and stimulate the imagination of students and staff alike! They comprise single domain ferro-or ferrimagnetic particles of about 5 nm diameter dispersed in a liquid carrier and stabilised by appropriate organic surfactants. Their behaviour when ideal is that of a Langevin superparamagnet. Analysis of the initial susceptibility and approach to saturation of the magnetisation curve yields information concerning the fluid's median particle size and standard deviation (Chantrell et al 1978) .
Comparison of the magnetic data with electron micrographs of the fluids and other physical measurements has yielded several very interesting undergraduate projects.
Concluding remarks
It is seen from the magnetisation data collected from a wide range of magnetic materials that the VSM described offers great experimental flexibility. Moreover because of its robust nature and stability, it is possible by careful choice of signal channel electronics, varying from a digital voltmeter to a more sophisticated phase sensitive detector, to tailor the instrument to the demands of undergraduate, project and research laboratories. Within the next undergraduate project term it is intended to commission a simple stainless steel axial gas flow cryostat, allowing temperature variation from 77 K to 300 K thus further increasing the versatility of the instrument.
